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NGF Utilizes c-Ret Via a Novel GFL-Independent,
Inter-RTK Signaling Mechanism to Maintain
the Trophic Status of Mature Sympathetic Neurons
Ret (Treanor et al., 1996; Creedon et al., 1997; Jing et
al., 1997; Klein et al., 1997). Ret is alternatively spliced
to produce predominantly two isoforms, a short form
containing nine unique c-terminal amino acids (Ret9)
and a longer isoform containing a different set of 51
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formation of the enteric nervous system, Ret51 appears
to be dispensable for these functions (de Graaff et al.,
2001).Summary
Sympathetic neurons require target-derived NGF dur-
ing the period of target innervation that occurs prior toDuring postnatal development, sympathetic neurons
and several days after birth (Barde, 1989; Ahn et al.,lose their dependence upon NGF for survival but con-
2000). After target innervation, most sympathetic neu-tinue to require NGF for soma and process growth
rons gradually lose their requirement of NGF for survivaland for development of a mature neurotransmitter
(Angeletti et al., 1971; Goedert et al., 1978; Gorin andphenotype. Although c-Ret is expressed in sympa-
Johnson, 1980; Ruit et al., 1990). This loss of trophicthetic neurons during this period, its function in these
factor dependence, termed maturation, also occurs intransitional processes is unclear. The level of Ret
sympathetic neurons maintained in NGF in vitro (Lazarusphosphorylation markedly increased with postnatal
et al., 1976; Easton et al., 1997). During postnatal devel-age in SCG neurons in vitro and in vivo. Postnatal Ret
opment, sympathetic neurons undergo additional phe-phosphorylation did not require either GFLs or GFR
notypic changes that require neurotrophic factors. Forcoreceptors. Instead, NGF promoted age-dependent
example, sympathetic neurons establish their matureRet phosphorylation with delayed kinetics both in vitro
neurotransmitter phenotype (Schotzinger and Landis,and in vivo. Functionally, maximal NGF-dependent tro-
1988; Francis and Landis, 1999) and continue to growphism of mature sympathetic neurons required Ret,
both in the size of the cell soma and in the complexitybut not GFR coreceptors. Therefore, NGF promotes
of the terminal arborizations. Unlike maintenance of sur-phosphorylation of the heterologous RTK Ret resulting
vival, maintenance of the trophic status, i.e., cell sizein augmented growth, metabolism, and gene ex-
and metabolism, of mature sympathetic neurons contin-pression.
ues to require NGF in adulthood (Angeletti et al., 1971;
Goedert et al., 1978; Gorin and Johnson, 1980; Ruit etIntroduction
al., 1990).
Prenatally, Ret is expressed in a subset of neural crestThe development and survival of the central and periph-
cells and is required for the migration and initial targeteral nervous systems is tightly regulated by trophic fac-
innervation of sympathetic precursors (Santoro et al.,tors (Oppenheim, 1991; Reichardt and Farinas, 1997).
1990; Nakamura et al., 1994; Lo and Anderson, 1995;The first identified and best characterized neurotrophic
Enomoto et al., 2001). Ret continues to be expressedfactor is nerve growth factor (NGF), which supports the
in sympathetic neurons after birth. However, whethersurvival of sympathetic, some sensory, and some CNS
GFLs or Ret participate in the postnatal development
neurons (Levi-Montalcini, 1987). NGF is a member of a
of sympathetic neurons is unknown. Deletion of c-Ret
family of neurotrophic factors called the neurotrophins;
results in perinatal lethality because of an absence of
most neurotrophin functions, including survival, are pro- proper kidney and enteric nervous system development
duced by activation of their receptor tyrosine kinases (Schuchardt et al., 1994), thus making analysis of post-
(RTKs), the Trks (Bothwell, 1995; Segal and Greenberg, natal development of the nervous system in ret/ mice
1996; Kaplan and Miller, 2000). A more recently identified impossible.
family of neurotrophic factors is the glial cell line-derived RTKs are activated by the binding of dimeric ligands
neurotrophic factor (GDNF) family ligands (GFLs) com- to their extracellular domain, resulting in the dimeriza-
posed of GDNF, neurturin (NRTN), persephin (PSPN), tion of two subunits of the RTK (Hunter, 1998; Schles-
and artemin (ARTN) (Lin et al., 1993; Kotzbauer et al., singer, 2000). Upon dimerization, RTKs autophosphory-
1996; Baloh et al., 1998; Milbrandt et al., 1998; Masure late in trans, further strengthening their dimerization and
et al., 1999; Rosenblad et al., 2000). GFLs promote the catalytic activity. This process promotes the phosphory-
growth and survival of several populations of CNS and lation of additional noncatalytic tyrosines, as well as
PNS neurons via activation of the RTK c-Ret (Airaksinen maintains these phosphotyrosine residues by continual
et al., 1999; Baloh et al., 2000). GFLs do not directly reautophosphorylation (Hunter, 1998; Schlessinger,
bind to Ret, but instead, bind with high affinity to GPI- 2000). The EGF receptor (EGFR) can be tyrosine phos-
anchored surface coreceptors termed GFRs and, to- phorylated subsequent to G protein-coupled receptor
gether as a GFL-GFR complex, bind to and activate (GPCR) activation via agonists such as bradykinin and
angiotensin (Luttrell et al., 1999; Gschwind et al., 2001).
In fact, EGFR can be phosphorylated and activated by3Correspondence: ejohnson@pcg.wustl.edu
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a number of stimuli, such as membrane depolarization,
integrin-receptor activation, PGDF and cytokine stimu-
lation, suggesting that EGFR functions in a variety of
extracellular stimuli (Carpenter, 1999; Liu and Anderson,
1999).
Similar to EGFR, Trks are activated by adenosine,
and this GPCR-mediated activation does not involve
secretion of neurotrophins (Lee and Chao, 2001). Fur-
thermore, adenosine-mediated survival requires activa-
tion of TrkA, demonstrating the functional importance
of this cross-talk mechanism (Lee and Chao, 2001). This
raises the possibility that neurotrophic factor receptors
such as TrkA or Ret may have physiologic functions inde-
pendent of their natural ligands. To this end, whether
trophic factor-dependent activation of RTKs promotes
the phosphorylation or activation of heterologous RTKs
in neurons is unknown. Here, we report that TrkA activa-
tion by NGF promoted Ret phosphorylation in a GFL-
independent manner in mature, sympathetic neurons,
but not in trophic factor-dependent immature sympa-
thetic neurons. This NGF-dependent Ret phosphoryla-
tion was not required for the transition to trophic factor
independence but, rather, contributed to the growth,
metabolism, and gene expression of mature sympa-
thetic neurons. Therefore, neurotrophic factor receptors
can be recruited by heterologous receptors to function
in the maturation of neurons revealing a novel mecha-
nism by which RTKs may be utilized in the nervous
system.
Results
Ret Phosphorylation Increases Markedly
with Postnatal Age in SCG and DRG
To determine whether Ret functions in the postnatal
development of peripheral neurons, Ret phosphoryla-
tion was examined in the superior cervical ganglion
(SCG), nodose ganglion (NG), or L3-L5 dorsal root gan-
glion (DRG) in vivo. These ganglia were rapidly dissected Figure 1. Ret Phosphorylation Increases with Postnatal Age in SCG
from either postnatal day 2 (P2) or P26 rats and were and DRG In Vivo and In Vitro
subjected to detergent extraction; the extracts were im- (A) L3-L5 DRG (left), nodose (middle), and SCG (right) were rapidly
dissected from P2 or P26 rats and detergent extracts produced.munoprecipitated with antiRet51 followed by phospho-
Ret51 was then immunoprecipitated and the immunoprecipitatestyrosine immunoblotting of the immunoprecipitates. Ret
analyzed by phosphotyrosine (P-Tyr) immunoblotting (top panels).phosphorylation was either low or undetectable in SCG,
The blots were then stripped and reprobed with Ret antibodies
NG, and DRG just after birth, but the level of Ret phos- (middle panels). The immunoprecipitation supernatants were sub-
phorylation increased markedly at P26 in both SCG and jected to -tubulin immunoblotting to estimate the amount of protein
DRG but was not altered in NG (Figure 1A). Because in each sample (bottom panels). Similar results were obtained in
four experiments.the amounts of extracts were adjusted so that similar
(B) SCG were removed from E19–P23 rats and Ret51 phosphoryla-amounts of Ret were analyzed at both ages (Figure 1A),
tion monitored as in (A). More ganglia from younger animals werethis phosphorylation represents an increase in the de-
pooled for extraction as compared to later ages to acquire equal
gree of Ret phosphorylation and not simply an increase amounts of Ret in each condition.
in the total amount of Ret protein. To determine at what (C) P0 SCG were dissociated and maintained in NGF for 5, 13, or
21 days in vitro (DIV). Neurons were then detergent extracted, thepostnatal age Ret phosphorylation increases, a more
extracts were immunoprecipitated with antibodies specific for Ret9detailed time course was performed on SCG. The level
or Ret51, and the immunoprecipitates were subjected to P-Tyr im-of Ret phosphorylation remained low for several days
munoblotting (top panel). The blots were stripped and reprobed withafter birth, but, starting at P12, the level of Ret phosphor-
pan-Ret antibodies to confirm protein loading (bottom panel). More
ylation began increasing and was maximal by P23 (Fig- 5-DIV neurons were extracted as compared to 13- or 21-DIV neurons
ure 1B). Thus, in both SCG and DRG, the amount of phos- to obtain equal amounts of total protein. Similar results were ob-
tained in triplicate.phorylated, and presumably activated, Ret increased
dramatically with postnatal age in vivo, suggesting that
Ret is involved in the postnatal development of these
neurons.
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Ret Is Phosphorylated in an Age-Dependent
Manner in Sympathetic Neurons In Vitro
Sympathetic neurons maintained in vitro in the presence
of NGF undergo many of the same maturational changes
that are seen in vivo. To determine whether sympathetic
neurons maintained in culture also display age-depen-
dent phosphorylation of Ret, SCG neurons were main-
tained for 5, 13, or 21 days in vitro (DIV) in the presence
of NGF. They were then detergent extracted and Ret
phosphorylation was monitored by Ret immunoprecipi-
tation, followed by phosphotyrosine immunoblotting.
When only Ret9 was immunoprecipitated with antibod-
ies specific to Ret9, we found that the amount of Ret9
increased with postnatal age, but the level of Ret9 phos-
phorylation did not change substantially (Figure 1C).
In contrast, Ret51 phosphorylation increased markedly
with age in culture (Figure 1C) while the total amount of
Ret51 did not change as substantially, similar to what
was observed in vivo. Thus, the tyrosine phosphoryla-
tion of Ret51, but not Ret9, is regulated with age in
culture.
Age-Dependent Ret Phosphorylation
Is Independent of GFLs
Ret9 and Ret51 share identical extracellular domains
and, in sympathetic neurons, were stimulated equally
well by GFLs such as NRTN or GDNF (data not shown).
The observation that only Ret51 was phosphorylated in
an age-dependent manner suggests that Ret is phos-
phorylated by a mechanism that is independent of the
extracellular domain and, therefore, independent of
GFLs. To test this possibility, the following three types
of experiments were performed. First, if sympathetic
neurons produce GFLs in an autocrine fashion, then
conditioned medium from 21-DIV neurons should stimu-
late Ret phosphorylation of naı¨ve 5-DIV rat sympathetic
neurons that are responsive to GFLs but do not display
age-dependent Ret phosphorylation. Medium that was
conditioned by 5-DIV, 12-DIV, or 21- to 25-DIV sympa-
Figure 2. Neither GFLs Nor GFR Coreceptors Are Required forthetic neurons was applied to naı¨ve, 5-DIV sympathetic
Age-Dependent Ret Phosphorylation
neurons but was incapable of stimulating Ret phosphor-
(A) Sympathetic neurons (5-DIV) that do not display basal Ret phos-
ylation (Figure 2A). GDNF, however, promoted robust phorylation were treated for 1 hr with medium alone or medium
Ret activation (Figure 2A) confirming that the 5-DIV neu- conditioned for 4 days by 5-, 12-, or 25-DIV sympathetic neurons.
rons were responsive to GFLs. Therefore, no detectable As a positive control, 5-DIV sympathetic neurons were treated with
GDNF (50 ng/ml) for 1 hr (right). Ret51 phosphorylation was exam-GFL or GFL-like activity was secreted by mature sympa-
ined as described in Figure 1 (top panels). Equal Ret loading wasthetic neurons in vitro.
confirmed by reprobing these membranes with pan-Ret antibodiesSecond, if age-dependent Ret phosphorylation is me-
(bottom panels).
diated by a factor secreted into the medium, then this (B) Sympathetic neurons (21-DIV) maintained in NGF were washed
activity should be reduced with vigorous washing of the vigorously with serum-free medium and placed in fresh, serum-free
cultures. This was not the case, however, because 21- medium containing only NGF (50 ng/ml) for 3 hr (left). As a control,
sister cultures of sympathetic neurons treated with GDNF (50 ng/DIV sympathetic neurons that were washed several
ml) for 1 hr were washed vigorously with serum-free medium astimes with serum-free medium did not have any alter-
above (right). The neurons were then subjected to phospho-Retation in the level of age-dependent Ret phosphorylation
analysis as in (A).
(Figure 2B). GDNF-dependent Ret phosphorylation, on (C) Sympathetic neurons (21-DIV) maintained in NGF were treated
the other hand, could be eradicated in this manner, with with medium containing PI-PLC (0.5–2 g/ml) and NGF or medium
washing eliminating the majority of GDNF-mediated Ret containing only NGF every 12 hr for 2 days. The neurons were then
treated with either nothing or GDNF for 15 min and were detergentphosphorylation from 21-DIV neurons after only 3 hr in
extracted. Ret phosphorylation was monitored by P-Tyr immunopre-serum-free medium (Figure 2B). Semiquantitation of the
cipitation followed by Ret Western analysis. Equal protein loadingimmunoblots indicated that Ret phosphorylation was
was confirmed by Ret Western analysis of a fraction of each lysate
reduced 60%, similar to the level of Ret phosphorylation prior to P-Tyr immunoprecipitation (lower panel). Identical results
seen in 21-DIV neurons. Thus, age-dependent Ret phos- were obtained if Ret phosphorylation was monitored by Ret immu-
phorylation cannot be washed out of cultures of sympa- noprecipitation followed by P-Tyr immunoblotting. The experiments
in this figure were performed two to three times with similar results.thetic neurons.
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GFLs bind directly to GPI-anchored GFR corecep- with K252a (100 nM), a specific inhibitor of Trks at low
nanomolar concentrations (Berg et al., 1992; Ohmichitors that, as a complex, associate with Ret, resulting in
Ret activation. To determine whether GFR coreceptors et al., 1992; Tapley et al., 1992), completely blocked Ret
phosphorylation induced by NGF suggesting that NGFwere required for age-dependent Ret phosphorylation,
we treated 21-DIV sympathetic neurons with phosphati- activation of TrkA regulates Ret phosphorylation (Figure
3B). Conversely, selective activation of p75 in sympa-dylinositol-specific phospholipase-C (PI-PLC) for 2 days
and then determined the level of Ret phosphorylation. thetic neurons with BDNF (100 ng/ml) did not promote
Ret phosphorylation, suggesting p75 is not required forWhen 21-DIV neurons treated with PI-PLC were then
treated with GDNF, no GFL-dependent Ret activation NGF-dependent Ret activation (Figure 3B). To determine
how rapidly Ret is dephosphorylated after NGF with-was detected, and the level of Ret activation remained
at the age-dependent level (Figure 2C). GDNF treatment drawal, Ret phosphorylation was monitored in 21-DIV
neurons starved of NGF. Ret phosphorylation after NGFof sympathetic neurons maintained in medium not con-
taining PI-PLC, on the other hand, promoted robust Ret starvation decayed slowly and after 48 hr of NGF depri-
vation, only a low level of Ret phosphorylation was stillphosphorylation (Figure 2C). In contrast, age-depen-
dent Ret phosphorylation was unaltered by the presence detectable (Figure 3C). In contrast, TrkA phosphoryla-
tion decayed more rapidly than Ret, declining to a lowof saturating amounts of PI-PLC demonstrating that
GFR coreceptors, and thus, GFLs themselves, are not level after 24 hr of NGF starvation (Figure 3C). Therefore,
NGF activation of TrkA promotes age-dependent Retrequired for age-dependent Ret phosphorylation (Fig-
ure 2C). phosphorylation in mature sympathetic neurons with
much slower kinetics than GFL-dependent Ret phos-In summary, four different experiments suggest that
age-dependent Ret phosphorylation did not involve phorylation.
To determine whether age-dependent Ret phosphory-GFLs. First, Ret51, but not Ret9, was phosphorylated
in an age-dependent manner even though they share lation observed in vivo is also regulated by NGF, P21
rats were injected with either nonimmune serum or NGFidentical extracellular domains. Second, conditioned
medium from 21-DIV neurons did not contain secreted antiserum to block endogenous NGF in vivo. After two
injections of antiserum or nonimmune serum over 4factors capable of stimulating Ret phosphorylation.
Third, age-dependent Ret phosphorylation was not re- days, the SCG were removed and the levels of Ret and
TrkA phosphorylation determined. After NGF neutraliza-duced by washing cultures of mature sympathetic neu-
rons. Fourth, removal of surface GFR coreceptors from tion, the level of TrkA phosphorylation in SCG decreased
dramatically (Figure 3D). Consistent with the in vitro ex-21-DIV sympathetic neurons that abolished GFL-medi-
ated Ret phosphorylation did not alter age-dependent periments, Ret phosphorylation was almost completely
abolished by injection of NGF antiserum, but not byRet phosphorylation. Taken together, these results indi-
cate that age-dependent Ret phosphorylation in mature injection of nonimmune serum (Figure 3D). In contrast,
anti-NGF injection into P21 rats did not alter the amountsympathetic neurons is independent of GFLs.
of phosphorylated Ret in DRG (Figure 3D), consistent
with the mostly nonoverlapping expression of TrkA andNGF Regulates Ret Phosphorylation
Ret in P21 DRG neurons (Molliver et al., 1997). Thesein an Age-Dependent Manner
results indicate that NGF is responsible for the age-To determine whether factors that maintain the survival
dependent phosphorylation of Ret in sympathetic neu-and trophic status of sympathetic neurons can influence
rons in vivo and in vitro.the phosphorylation state of Ret, 21-DIV neurons were
maintained for 2 days in either medium alone or in me-
dium containing NGF (50 ng/ml), depolarizing levels of Biochemical Characterization of NGF-Dependent
Ret Phosphorylationpotassium (40 mM), or in cAMP (400 M). NGF main-
tained the marked levels of Ret phosphorylation, As a first attempt to determine which signaling pathways
activated by TrkA lead to Ret phosphorylation, we testedwhereas neurons cultured in either medium alone, me-
dium containing depolarizing levels of potassium, or the involvement of the PI-3-K and MEK/MAPK pathways
using the specific inhibitors LY294002 and U0126, re-medium containing cAMP were unable to maintain Ret
phosphorylation (Figure 3A). NGF, therefore, did not pro- spectively. LY294002 (50 M) and U0126 (25 M) com-
pletely inhibited PI-3-K and MEK activities as measuredmote Ret phosphorylation simply by enhancing the tro-
phic status of these neurons because both KCl and by the abrogation of Akt and ERK phosphorylations,
respectively (data not shown), but did not alter TrkAcAMP maintain the trophic status of sympathetic neu-
rons but did not activate Ret. To determine how rapidly activation at the levels used (Figure 4A). As before, NGF
treatment stimulated a maximal Ret phosphorylation byNGF promotes Ret phosphorylation, 21-DIV sympa-
thetic neurons starved of NGF for 2 days were treated 48 hr and neither PI-3-K nor MEK/MAPK inhibition
greatly influenced this phosphorylation (Figure 4A).with NGF for increasing amounts of time, and the level
of Ret phosphorylation was determined. NGF induction Semiquantitation of the immunoblots revealed that PI-
3-K inhibition and MEK/MAPK inhibition decreased theof Ret phosphorylation occurred with delayed kinetics,
reaching a maximum by 48 hr (Figure 3B). NGF also average Ret phosphorylation by 19% and 22%, respec-
tively. In contrast, PI-3-K and MEK/MAPK inhibition hadincreased Ret expression by 24 hr (Figure 3B), but this
increase in Ret protein probably does not account for a marked effect on NGF-dependent Ret expression, re-
ducing the average NGF induction of Ret protein by 88%the observed increase in Ret phosphorylation because
maximal phosphorylation does not occur until 48 hr after and 78%, respectively. Thus, although the PI-3-K and
MAPK pathways are important for NGF-dependent RetNGF treatment (Figure 3B). Inhibition of TrkA activity
NGF-Mediated Ret Signaling Augments Trophic Status
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Figure 3. NGF Is Required for Age-Dependent Ret Phosphorylation in Sympathetic Neurons
(A) Sympathetic neurons maintained in NGF for 21-DIV were then maintained for 2 days in medium without NGF (medium alone) or medium
containing the neuroprotectants NGF (50 ng/ml), CPT-cAMP (400M), or KCl (40 mM). Ret phosphorylation was monitored by Ret immunoprecip-
itation followed by P-Tyr immunoblotting (top panel). The blots were reprobed with Ret antibodies (second panel) to confirm equal Ret loading.
Supernatants from the immunoprecipitations were subjected to P-TrkA immunoblotting (third panel) or -tubulin immunoblotting (bottom) to
confirm that the NGF treatments were effective and that equal protein was loaded, respectively.
(B) Sympathetic neurons (21-DIV) maintained in NGF were starved of NGF (maintained in medium containing 1–2 ng/ml NGF) for 2 days. The
neurons were then stimulated with medium containing no addition, NGF (50 ng/ml), NGF and K252a (100 nM), or BDNF (100 ng/ml) for 24 hr
or 48 hr. The neurons were detergent extracted, and Ret phosphorylation was examined by P-Tyr immunoprecipitation followed by Ret
immunoblotting (top panel). To confirm that equal amounts of Ret were analyzed, a fraction of each extract was used for Ret Western analysis
prior to P-Tyr immunoprecipitation (bottom panel).
(C) Sympathetic neurons maintained in NGF for 21-DIV were starved of NGF as in (A) for 24 to 48 hr. The cells were then subjected to
phospho-Ret analysis as in (B). The supernatants from the immunoprecipitation were P-TrkA immunoblotted to determine how rapidly TrkA
dephosphorylated after NGF starvation (bottom panel).
(D) P21 rats were injected twice with either normal goat serum (left) or goat NGF antiserum (right) at 2 day intervals. The SCG (top three
panels) or DRG (bottom two panels) were harvested and detergent extracts produced. The extracts were subjected to phospho-Ret analysis
as above (first and fourth panels). Equal protein amounts were confirmed by Ret Western analysis of the extracts prior to immunoprecipitation
(second and fifth panels). The efficacy of the NGF antiserum was confirmed by performing P-TrkA Western analysis of the immunoprecipitation
supernatants (third panel). The experiments presented in (A)–(D) were performed two to four times with similar results; phospho-Ret analysis
in these experiments with Ret immunoprecipitation followed by P-Tyr immunoblotting yielded identical results.
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expression, these pathways most likely do not contrib-
ute directly to NGF-dependent Ret phosphorylation.
Whether other growth factors can influence Ret phos-
phorylation similar to NGF was explored; NGF treatment
was compared to IGF-1 (100 ng/ml), CNTF (50 ng/ml),
and EGF (100 ng/ml) treatment for 2 days. None of these
factors stimulated Ret phosphorylation (Figure 4B), and
similar experiments with HGF and LIF indicated that
they also did not regulate Ret phosphorylation (data not
shown). To determine whether the cross-talk between
TrkA and Ret was bidirectional, mature sympathetic
neurons were stimulated with GDNF for 2 days and TrkA
phosphorylation was monitored. Although GDNF pro-
moted a sustained phosphorylation of Ret, no TrkA
phosphorylation was observed even though TrkA was
able to be stimulated with NGF (Figure 4B). Therefore,
NGF activation of TrkA appears unique in its ability to
promote Ret phosphorylation via a unidirectional mech-
anism.
GFL stimulation translocates Ret from lipid-disor-
dered, Triton-X-100-soluble membrane regions to more
highly lipid-ordered, Triton-insoluble lipid “raft” do-
mains. Localization to lipid rafts is important for the
downstream functioning of Ret (Tansey et al., 2000; Par-
atcha et al., 2001). We examined whether NGF-depen-
dent phospho-Ret was located within or outside of lipid
rafts by producing Triton X-100 extracts from mature
sympathetic neurons treated with NGF. Although only
1 hr of GDNF treatment promoted a significant move-
ment of phosphorylated Ret into lipid rafts, no phospho-
Ret stimulated by NGF was detectable in the Triton-
insoluble fractions (Figure 4C). All of the detectable
NGF-dependent phospho-Ret remained soluble (Figure
4C), suggesting that, unlike GDNF activation of Ret, NGF
stimulation of Ret did not promote a detectable move-
ment of phospho-Ret into lipid rafts. In conclusion, NGF,
but not other growth factors, promoted a unidirectional
phosphorylation of Ret that remained in lipid-disordered
membrane regions.
NGF Can Support the Survival of ret/
Sympathetic Neurons
To determine whether deficits occur in postnatal sympa-
thetic neurons lacking Ret, we prepared cultures of SCG
sympathetic neurons from ret/ and ret/ mice. Al-
though an initial report (Schuchardt et al., 1994) indi-
Figure 4. Mechanistic Characterization of NGF-Dependent Ret cated that ret/ animals lack SCG, a recent reexamina-
Phosphorylation
tion of this issue has revealed that the SCG, although
21-DIV sympathetic neurons were starved of NGF for 2 days, as in
caudally mislocated, is still present and thus able to beFigure 3, and then treated as described.
dissected from ret/ animals (Enomoto et al., 2001).(A) Neurons were treated with either medium alone, medium con-
The ret/ animals used in this study, Rettgm, have GFPtaining NGF only, or medium containing NGF and either LY294002
(50 M) or U0126 (25 M). The neurons were then subjected to inserted into the ret locus, thus allowing visualization
phospho-Ret analysis as in Figure 1 (top). The blots were reprobed of the extent of Ret expression by using fluorescence
with Ret antibodies to determine the amount of Ret in each condition microscopy. We found that ret/ and ret/sympathetic
(middle). The supernatants from the immunoprecipitations were
neurons maintained in NGF (50 ng/ml) survived in vitro,subjected to P-TrkA Western analysis to confirm that neither
grew, and projected neurites (Figure 5). No gross differ-LY294002 nor U0126 inhibited TrkA (bottom).
ences occurred between ret/ and ret/ sympathetic(B) Sympathetic neurons were either not treated with a growth factor
(No GF) or were treated with NGF, GDNF (50 ng/ml), IGF-1 (100 ng/ neurons by 5-DIV. By 21-DIV in the continued presence
ml), CNTF (50 ng/ml), or EGF (100 ng/ml) for 2 days. The neurons
were then detergent extracted and the status of Ret and TrkA phos-
phorylation determined as in (A).
These fractions were then subjected to phospho-Ret analysis as in(C) After treatment for the time indicated with medium alone, medium
containing NGF or medium containing GDNF (50 ng/ml), Triton X-100 Figure 1. The experiments in (A)–(C) were performed two to three
times with similar results.soluble (SOL) and insoluble (INSOL) fractions were produced.
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neurons can be maintained for at least 21-DIV in the
presence of NGF.
GFL-Independent Activation of Ret Contributes
to the Trophic Status of Mature
Sympathetic Neurons
Because NGF-dependent Ret phosphorylation appears
concurrent with the acquisition of trophic factor inde-
pendence in sympathetic neurons, we examined
whether ret/ sympathetic neurons became NGF inde-
pendent in vitro. NGF deprivation of 21-DIV ret/ sym-
pathetic neurons did not result in apoptotic cell death,
similar to ret/ neurons (data not shown). Thus, Ret
was not required for the dramatic loss of trophic factor
dependence for survival that is associated with matura-
tion. Although Ret was not required for the survival of 21-
DIV sympathetic neurons under these conditions, Ret
might significantly contribute to the trophic effects of
NGF on mature sympathetic neurons. To determine
whether ret/ sympathetic neurons have growth defi-
cits, we measured the somal diameters of both 5-DIV
and 21-DIV neurons and conducted size-frequency anal-
ysis on these measurements. After 5-DIV in the presence
of NGF, ret/ sympathetic neurons had a Gaussian dis-
tribution of somal size and an average somal diameter
of 18 m (18.4 m  0.1 m [SEM]; 397 neurons from
four animals, see Figure 6A). The ret/ neurons had a
distribution similar to ret/ neurons (18.5 m 0.1 m;
377 neurons from four animals; p 0.05), demonstrating
that no deficit exists in the somal size of 5-DIV ret/
SCG neurons (Figure 6A). However, when these neurons
were maintained for 21-DIV in the presence of NGF,
ret/ neurons were significantly smaller than ret/ neu-
rons (ret/: 28.1 m  0.1 m; 655 neurons from eight
animals; ret/: 29.7 m  0.08 m; 1099 neurons from
12 animals; p  0.001), and the entire population of
ret/ neurons was shifted to smaller somal diameters
Figure 5. NGF Supports Survival of ret/Sympathetic Neurons (Figure 6A). This deficit in soma-diameter size correlates
SCG neurons from ret/ or ret/ mice were maintained in NGF (50 with the time course of NGF-dependent Ret activation,
ng/ml) for either 5-DIV (top panels) or 21-DIV (bottom panels) and suggesting that NGF utilizes Ret to regulate growth. Ret-
photographed (phase-contrast) at 20magnification. Because GFP
heterozygous animals had an identical soma diameterwas engineered into the ret locus, fluorescence microscopy of the
distribution to ret/ sympathetic neurons (data notsame fields (GFP) revealed GFP neurons from ret/animals only,
shown), demonstrating that no gene dosage effect oc-providing an estimation of the level of Ret expression.
curred. Although 21-DIV sympathetic neurons do not
undergo cell death after NGF deprivation, they do atro-
phy, and their somal diameter decreases. 21-DIV ret/
sympathetic neurons atrophied similar to ret/ neuronsof NGF, both ret/ and littermate ret/ neurons had
grown in size and in neuritic complexity (Figure 5). To after 4 days of NGF deprivation (ret/: 21.3m 0.1m,
236 neurons from four animals; ret/: 21.7m 0.2m,determine to what extent sympathetic neurons ex-
pressed Ret postnatally, the expression of GFP, which 220 neurons from two animals, p 0.05), demonstrating
that no deficit in somal size occurred in the absenceis under the control of the endogenous ret promoter, was
examined in ret/ sympathetic neurons. Many neurons of NGF in ret/ sympathetic neurons. Because NGF
treatment stimulated approximately 8 m of growth inwere GFP at 5-DIV, and, by 21 DIV, almost all neurons
were GFP (Figure 5). In contrast to 5-DIV sympathetic the somal diameter of 21-DIV neurons, the 1.6 m deficit
in ret/neurons indicates that Ret accounted for 20%,neurons, many 21-DIV neurons also expressed higher
levels of GFP (Figure 5), demonstrating that mature a significant fraction, of the growth effect of NGF on cell
size.sympathetic neurons express higher levels of Ret than
5-DIV neurons. Because Ret9 expression increased with Somal size correlates with the metabolic status of
sympathetic neurons. Therefore, the metabolic activityage in vitro more dramatically than Ret51 (Figures 1A,
3B, and 4A), increased Ret expression seen at 21-DIV of NGF-maintained 21-DIV ret/neurons was compared
to ret/ neurons by using MTT reduction, which mea-(Figure 5) is likely due predominantly to an increase in
the level of Ret9. Thus, most sympathetic neurons in sures metabolic redox activity. The measured MTT val-
ues were divided by the number of neurons in eachculture express Ret by 21-DIV, and ret/ sympathetic
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Figure 6. Ret Contributes to the Trophic Status of Mature, but Not Immature, Sympathetic Neurons
(A) Sympathetic neurons from ret/ (black) and ret/ (gray) mice were maintained in NGF for 5-DIV (left panel) and their somal diameters
were measured. Size-frequency distributions from four different ret/ (397 neurons) and ret/ (377 neurons) animals were analyzed. No
statistically significant difference was found between the ret/ and ret/ populations (18.4 m compared to 18.5 m  0.1 m; p  0.05)
or at any specific diameter. The same cultures analyzed at 5-DIV were maintained for 21-DIV (right panel), and the somal diameters were
measured. Asterisks indicate statistically different somal diameters with p  0.05. The two populations themselves were also significantly
different; the ret/ neurons were on average 2 m smaller (ret/: 28.1 m compared to ret/: 29.7 m; p  0.001). For 21-DIV neurons,
eight ret/ (655 neurons) and 12 ret/ (1099 neurons) animals were analyzed from four independent cultures. Each value of the size-frequency
distributions represents the mean percentage for all of the individual animals in that particular bin.
(B) Sympathetic neurons from ret/ or ret/ animals were maintained in NGF for 21-DIV. The amount of MTT reduction from these cultures
was measured in duplicate from 8 to 12 independent ret/ or ret/ animals. The MTT reduction was divided by the total number of neurons
in density-matched wells from the same animals and were graphed as a percentage of the ret/ control. The 20% decrease in the level of
MTT reduction from ret/ animals was significantly different from ret/ MTT levels, p  0.005.
(C) Sympathetic neurons (21-DIV in the presence of NGF) from ret/ or ret/ mice were deprived of NGF for 4 days and their somal diameters
measured. These neurons were then treated with NGF (50 ng/ml) or NGF with PI-PLC (2 g/ml) for 2 days, after which their somal diameters
were again measured. The mean somal diameters from eight animals (380–476 neurons in each condition) were compared; treatment with
NGF alone was not statistically different from treatment with NGF and PI-PLC, p  0.05. Error bars represent SEM.
condition, determined by counting duplicate wells from thetic neurons, which is similar to the 20% decrease in
MTT reduction observed in ret/ neurons. Taken to-each mouse to calculate an MTT-per-cell value. ret/
neurons had a significant decrease in MTT reduction gether, these data indicate that Ret contributes signifi-
cantly to the NGF-dependent metabolic status of mature(20% lower as compared to ret/ neurons [Figure 6B]).
When ret/ and ret/ 21-DIV neurons were deprived sympathetic neurons.
Because NGF-dependent Ret activation does not re-of NGF for 4 days, their metabolic redox activity de-
creased to approximately 40% (36.7  2.7). Therefore, quire GFR coreceptors, we tested whether NGF-medi-
ated somal growth observed in mature sympathetic neu-NGF regulated 60% of the total neuronal metabolism,
which implies that Ret accounted for about 30% of this rons required GFR coreceptors. Sympathetic neurons
from ret/ or ret/ mice maintained in NGF for 21-DIVNGF-dependent metabolic activity. If somal volume is
estimated based on the average somal diameters mea- were deprived of NGF for 4 days to reduce their somal
diameters to an atrophic state, and the somal diameterssured in Figure 6A, ret/ sympathetic neurons had a
19% smaller somal volume compared to ret/ sympa- were measured. NGF-deprived neurons were then
NGF-Mediated Ret Signaling Augments Trophic Status
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treated with NGF alone or NGF in the presence of PI-
PLC for 2 days. After this time, the somal diameters
were again measured and compared to their size prior
to NGF treatment. After 4 days of NGF deprivation, the
sympathetic neurons were reduced to an average somal
diameter of 21.2 m  0.1 m (380 neurons from eight
animals; see Figure 6C). After 2 days of NGF treatment,
the neurons grew to an average somal diameter of 23.4
m  0.1 m (437 neurons from eight animals; see
Figure 6C). Neurons that were treated with NGF and PI-
PLC grew to an average somal diameter of 23.5 m 
0.2 m (476 neurons from eight animals), similar to sym-
pathetic neurons treated with NGF alone (Figure 6C). To
control for the efficacy of PI-PLC treatment, after the
somal diameters were measured, the neurons were
treated with NRTN to stimulate Ret, and the amount of
Ret phosphorylation was compared between neurons
treated with NGF alone and neurons treated with NGF
and PI-PLC. As before, treatment with PI-PLC blocked
NRTN-dependent Ret activation, demonstrating that PI-
PLC removed GFR coreceptors from the cell surface
(data not shown). Therefore, NGF-mediated growth of
mature sympathetic neurons does not require GFR co-
receptors, indicating that NGF-dependent growth of
the cell body is partially mediated by NGF-dependent,
GFR-independent Ret phosphorylation.
The growth-promoting or trophic effect of NGF re-
quires not only an augmentation of metabolic activity,
but also an increase in protein synthesis. Therefore, we
explored whether Ret contributed to NGF-dependent
gene expression in mature neurons. Sympathetic neu-
Figure 7. Ret Is Required for NGF-Dependent Gene Expression in
rons from ret/ or ret/ mice that were maintained in Mature Sympathetic Neurons
NGF for 21-DIV were starved of NGF for 2 days. The 21-DIV sympathetic neurons from ret/ and ret/ mice were
cultures were then either maintained in the absence of starved of NGF for 2 days. Duplicate wells were then treated with
additional NGF or treated with NGF (50 ng/ml) for 3 either medium alone or medium containing NGF for an additional 3
days.additional days. The neurons were subjected to deter-
(A) Detergent extracts were produced and analyzed by Westerngent extraction, and several NGF-responsive genes
analysis for the NGF-regulated proteins MAP-2, TH, or NF-M. Equalwere analyzed by Western analysis. In ret/ neurons,
protein loading was confirmed with either Actin or Lamin (data not
tyrosine hydroxylase (TH), microtubule-associated pro- shown) immunoblotting of these lysates. Representative cultures
tein-2 (MAP-2) and neurofilament-medium (NF-M) were from two mice of each genotype are shown.
induced by NGF stimulation (Figure 7A). However, in (B) Semiquantitative analysis of the immunoblots generated in (A)
from three ret/ and five ret/mice from two independent culturesret/neurons, the NGF induction of these three proteins
revealed a statistically significant impairment in the NGF-mediatedwas impaired (Figure 7A). Other structural proteins such
increase in TH, MAP-2, and NF-M expression in ret/ neurons (p as 	-actin (Figure 7A) and nuclear lamins (data not
0.05).
shown) were unchanged by NGF treatment, as ex-
pected. Because there was some variability in the de-
gree of NGF induction from animal to animal, the individ- mature neurotransmitter phenotype. During this transi-
ual blots were semiquantitated. Semiquantitation of tional period, phosphorylation of the RTK c-Ret in-
these data indicated that NGF induction of TH, MAP-2, creased markedly both in vitro and in vivo, concurrent
and NF-M was significantly decreased in ret/neurons with these maturational changes. This increase in Ret
(Figure 7B). Other genes regulated by NGF, such as phosphorylation did not involve either GFLs or GFRs
neuron-specific enolase (NSE) and neurofilament-light but instead required NGF in vitro and in vivo. NGF in-
(NF-L), were not altered by Ret deletion (data not shown). duced Ret phosphorylation considerably more slowly
Therefore, Ret not only contributed to NGF-dependent than GFLs; NGF required 2 days to promote maximal
growth and metabolic activity, but also was required Ret phosphorylation. Likewise, NGF-dependent Ret
for the NGF-dependent expression of some proteins phosphorylation required 2 days to decrease completely
involved in maintenance of the neuronal phenotype. after NGF starvation. Ret was not phosphorylated by
other growth factors in sympathetic neurons, and this
signaling pathway was unidirectional since GDNF didDiscussion
not promote TrkA phosphorylation. Unlike GFL-depen-
dent Ret activation, NGF-stimulated phospho-Ret wasDuring postnatal development, sympathetic neurons
lose their dependence upon trophic factors for survival, excluded from lipid raft microdomains. NGF-dependent
Ret phosphorylation contributed significantly to the tro-grow and project elaborate processes, and assume a
Neuron
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Figure 8. Potential Mechanisms of NGF-Dependent Ret Phosphorylation
Three mechanisms may account for NGF-dependent Ret phosphorylation (left) as compared to GFL-dependent Ret activation (right). (1) NGF
may induce the expression or activity of an inhibitor of one or more protein tyrosine phosphatases (PTPs) or downregulate the expression of
such PTPs, thus increasing the basal level of Ret phosphorylation. (2) NGF may induce the expression or activity of a tyrosine kinase that
phosphorylates Ret on one or multiple tyrosines. (3) NGF may induce the expression or activity of an adaptor protein that dimerizes and, thus,
activates Ret independently of GFR coreceptors and GFLs.
phic status of sympathetic neurons as indicated by de- and respond appropriately—a process that will require
cross-talk between multiple RTK-initiated signalingcreased somal size and metabolic activity, as well as
impaired gene expression, in NGF-maintained neurons pathways. There are at least three basic levels at which
growth-factor receptor signaling pathways can inter-from Ret-deficient mice. Therefore, NGF, by a novel
mechanism, is able to promote functionally important sect: at the level of the surface receptors, downstream
of the receptors at the level of adaptor and signalingphosphorylation of the heterologous RTK Ret that is
necessary for maximal growth and trophism of sympa- proteins, and at the level of the nuclear transcriptional
machinery. Here, we describe evidence for the first ofthetic neurons.
Although EGFR is activated by several unrelated stim- these possibilities: NGF receptors modulating the phos-
phorylation of another RTK, c-Ret.uli (some which require local proteolytic production of
EGF [Prenzel et al., 1999] and some which are indepen- At least four potential mechanisms exist by which
NGF could regulate Ret phosphorylation (Figure 8). First,dent of EGF [Luttrell et al., 1999; Gschwind et al., 2001]),
only recently has it been appreciated that neurotrophic TrkA may directly phosphorylate Ret after activation.
This is unlikely, however, given how slowly Ret becomesfactor RTKs, such as TrkA and Ret, can be regulated
by stimuli other than their natural ligands (Kato et al., phosphorylated after NGF treatment compared to TrkA.
Second, NGF may upregulate an inhibitor of a protein2000; Lee and Chao, 2001). Simultaneous application of
multiple neurotrophic factors can synergistically pro- tyrosine phosphatase (PTP) or directly downregulate the
expression of a PTP that dephosphorylates Ret (Figuremote neuronal survival in sympathetic neurons (Koba-
yashi and Matsuoka, 2000), but phosphorylation of an 8). Thus, NGF may promote an increase in the basal
level of Ret phosphorylation by dampening the normalRTK via activation of a heterologous RTK (inter-RTK
signaling) has not been described. Therefore, whether inhibitory pathways. Interestingly, the rate of TrkA de-
phosphorylation is decreased after NGF withdrawal ininter-RTK activation is unique to TrkA and Ret and
whether other neuronal populations utilize this mecha- mature sympathetic neurons compared to younger
NGF-dependent neurons (Tsui-Pierchala and Ginty,nism become an important questions. Furthermore,
whether inter-RTK signaling occurs in axons or in cell 1999). This observation lends support to the second
bodies and whether the expansion in the neuritic arbori- model by suggesting that with maturation, PTP activity
zation of postnatal neurons may contribute to the impor- decreases in sympathetic neurons.
tance of inter-RTK signaling requires investigation. Third, NGF may induce the expression or activity of
a TK that phosphorylates one or more tyrosines in Ret
(Figure 8) and, perhaps, additional proteins as well. Be-What Is the Mechanism of Cross-Talk between
cause catalytic or noncatalytic tyrosines could be phos-Neuronal Growth Factor Receptors?
phorylated, this mechanism may or may not cause acti-Developing neurons must sort out multiple environmen-
vation of the Ret kinase. One example of such regulationtal cues to migrate, differentiate, and establish proper
is GH receptor-mediated phosphorylation of EGFR ontarget contacts. Thus, neurons must interpret informa-
tion provided by multiple factors in their environment a single noncatalytic tyrosine, which promotes Grb-2
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tail DNA. The SCG from ret/ mice is not located in its normalassociation and activation of the MAPK cascade (Ya-
position at the bifurcation of the carotid artery, but is caudally mislo-mauchi et al., 1997). Because tyrosine phosphorylation
cated along the artery. Therefore, to isolate the SCG, the entirein the current experiments could only be monitored by
carotid artery was dissected from mice and the SCG identified by
using pan-P-Tyr antibodies, whether Ret is phosphory- its characteristic shape, color, and axonal projections.
lated on one or multiple sites is not known. Fourth, NGF Treatments were performed as described in detail in the figure
legends. In general, to monitor the time course of Ret phosphoryla-may upregulate the expression or activity of an adaptor
tion after NGF addition or withdrawal, neurons were starved byprotein that dimerizes and activates Ret in the absence
reducing the concentration of NGF to 1–2 ng/ml for the indicatedof GFLs (Figure 8). This mechanism predicts that Ret
time. LY294002, used at a concentration of 50 M, and U0126,kinase activity is upregulated with age and that Ret
used at a concentration of 25 M, were both obtained from Biomol
would be dimeric or multimeric. In addition, because (Plymouth Meeting, PA).
NGF regulated Ret51 phosphorylation to a greater ex-
tent than Ret9, this mechanism requires some portion
Immunoprecipitationsof the C terminus unique to Ret51. Determining which
After the described treatments, sympathetic neurons were washedof these mechanisms accounts for NGF-dependent Ret
twice with ice-cold, phosphate-buffered saline (PBS, [pH 7.4]), and
phosphorylation in mature sympathetic neurons is im- extracted with lysis buffer (Tris-buffered saline, [pH 7.4], 1% Nonidet
portant not only mechanistically, but also because it will P-40, 10% glycerol, 500 M sodium orthovanadate, and protease
provide a basis to study the physiologic function of this inhibitors) by gentle agitation for 25 min at 4
C. The lysates were
cleared of nuclei and collagen debris by centrifugation (13,000  g)phenomenon.
for 10 min; the supernatants were then transferred to new Eppendorf
tubes. Detergent-resistant membranes (DRMs) were prepared fromWhat Are the Advantages of Cross-Talk
sympathetic neurons by Triton X-100 extraction as described pre-
between RTKs in the Nervous System? viously (Tansey et al., 2000). The soluble and insoluble fractions
RTK activation is tightly regulated and highly specific were diluted with the appropriate buffer such that they contained
for a given growth factor and its receptor. Therefore, similar amounts of detergent (1% Triton and 0.1% SDS) for immuno-
precipitation. For Ret immunoprecipitations, 10 l of goat anti-Ret9an important question raised by these results is: what
(C19G, Santa Cruz Inc., Santa Cruz, CA) or 10 l of goat anti-Ret51advantage does inter-RTK signaling have to warrant the
(C20, Santa Cruz) was added and mixed gently. In some instances,use of such a mechanism? Inter-RTK activation may
a rabbit polyclonal Ret51-specific antibody was used for immuno-
have at least three distinct advantages. First, inter-RTK precipitation (B.A.T.-P. et al., unpublished data). Next, 25 l of pro-
signaling can provide to a single growth factor the ability tein A and 50 l of protein G (Life Technologies, Grand Island, NY)
to activate signaling pathways that are not possible via were added, and the samples were rotated at 4
C for 3 hr. Tyrosine-
phosphorylated Ret was immunoprecipitated with antiphosphotyro-direct activation of its RTK. NGF-dependent activation
sine-conjugated agarose (Ab-1, Calbiochem-Novabiochem Corp.,of Ret may induce Ret-specific signaling pathways, thus
La Jolla, CA; 4G10-agarose, Upstate Biotechnology Inc., Lakeproviding NGF with expanded biological activities. Sec-
Placid, NY). The precipitates were removed from the supernatant
ond, employment of two or more RTKs by a single via centrifugation (2,000 g) for 3 min in a microfuge, and the pellets
growth factor may provide signal amplification to a were washed three times with lysis buffer. Next, the pellets were
greater extent than is possible by activation of a single denatured by adding 25 l of 2 sample buffer (Tris [pH 6.8], 20%
glycerol, 4% SDS, 0.2% bromophenol blue, and 10% 	-mercapto-RTK. The results described here are an example of this
ethanol) and boiled for 5 to 10 min. For Ret immunoprecipitations,type of function. NGF-dependent utilization of Ret, at
the supernatants from the above immunoprecipitation were sub-least with the conditions in these experiments, allows
jected to a second round of Ret immunoprecipitation and the final
for greater growth and metabolic activity than is possible 25 l samples pooled together for SDS-PAGE. In some cases, these
by activation of TrkA alone. Third, activation of multiple same supernatants, after two rounds of Ret immunoprecipitation,
RTKs by a single growth factor may prolong the activity were then subjected to Trk immunoprecipitation by adding 10 l of
anti-Trk (C14, Santa Cruz) and 50 l of protein A, followed by theof a signaling pathway, thus prolonging a functional
same incubation and washing steps as described above.outcome. Ret dephosphorylation after NGF withdrawal
is slower than TrkA dephosphorylation (Figure 3C). This
may contribute to the slower loss of metabolic function Antiserum Injections
after NGF withdrawal seen in mature sympathetic neu- To block NGF function in rats, P21 littermate rats were injected
subcutaneously on days 1 and 3 with 0.5 ml of whole goat NGFrons as compared to immature neurons (Easton et al.,
antiserum (Ruit et al., 1990) or nonimmune goat serum. On day 5,1997). The enhanced trophic status that NGF achieves
the DRG and SCG were dissected, and the ganglia were detergentvia Ret may be the first of many examples of how RTK
extracted. The protein extracts were subjected to phospho-Ret and
signaling pathways interact to shape the nervous sys- phospho-TrkA analysis as described above.
tem by regulating neuronal survival, trophic status, axo-
nal growth and guidance, and plasticity.
Protein Extraction from Whole Ganglia
SCG, NG, and DRG were placed into Eppendorf tubes containingExperimental Procedures
the same lysis buffer used for the immunoprecipitations described
above. The ganglia were sonicated briefly with a microtip sonicatorSympathetic Neuron Cultures and Treatments
SCG neurons from P0–P1 Sprague-Dawley rats (Harlan Bioproducts, and mixed on a rotator for 20 to 30 min at 4
C. After clearing the
lysates of insoluble material by centrifugation, the cleared lysatesIndianapolis, IN) or P0 mice (Milbrandt Transgenic Core, Washington
University) were dissociated, seeded onto collagen-coated, 35 mm were subjected to immunoprecipitation as described above and
Western analysis as described below. On average 4–8 SCG andplates or 2-well Permanox chamber slides (Nunc, Naperville, IL) and
maintained in medium containing NGF (50 ng/ml; Harlan Bioprod- 12–18 DRG from rats were lysed in 600–800 l of lysis buffer for the
NGF antiserum injection experiments. For the developmental timeucts) as described previously (Easton et al., 1997). For ret/cultures
of SCG neurons, two ganglia from each mouse were dissociated courses, roughly twice as many SCG, NG, and DRG were used for
phospho-Ret analysis in perinatal animals as compared to P18–P24and plated separately into chamber slides, and the genotypes of
each mouse were determined by using PCR analysis of genomic rats.
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Western Analysis Airaksinen, M.S., Titievsky, A., and Saarma, M. (1999). GDNF family
neurotrophic factor signaling: four masters, one servant? Mol. Cell.Protein samples were loaded onto 8% or 4% to 12% gradient mini-
gels (Novex, San Diego, CA) and after SDS-PAGE were transferred Neurosci. 13, 313–325.
to PVDF membranes (Millipore, Burlington, MA). The blots were Angeletti, P.U., Levi-Montalcini, R., and Caramia, F. (1971). Analysis
blocked for 1 hr with 4% milk (PY490 TrkA antibody, -Tubulin of the effects of the antiserum to the nerve growth factor in adult
antibody), 3% horse serum (phosphotyrosine antibody), or 2% BSA mice. Brain Res. 27, 343–355.
(Ret antibody, MAP-2 antibody, TH antibody, NF-M antibody, actin
Baloh, R.H., Tansey, M.G., Lampe, P.A., Fahrner, T.J., Enomoto, H.,
antibody, lamin antibody) in Tris-buffered saline containing 0.1%
Simburger, K.S., Leitner, M.L., Araki, T., Johnson, E.M., Jr., and
Tween-20 (TBST). The blots were then incubated in the primary
Milbrandt, J. (1998). Artemin, a novel member of the GDNF ligand
antibody in the same blocking solution for 2 to 3 hr, washed three
family, supports peripheral and central neurons and signals through
times, and incubated in the appropriate secondary antibody
the GFRalpha3-RET receptor complex. Neuron 21, 1291–1302.
(1:10,000 dilution) in the blocking buffer for 1 hr. The blots were
Baloh, R.H., Enomoto, H., Johnson, E.M., Jr., and Milbrandt, J.finally washed three times with TBST and developed with a chemilu-
(2000). The GDNF family ligands and receptors-implications for neu-minescent substrate (Supersignal, Pierce, Rockford, IL). To strip and
ral development. Curr. Opin. Neurobiol. 10, 103–110.reprobe blots, the membranes were incubated in glycine (100 mM,
Barde, Y.-A. (1989). Trophic factors and neuronal survival. Neuron[pH 2.75]) twice for 25 min and then washed three times with TBST.
2, 1525–1534.The Western analysis was then repeated. To semiquantitate immu-
noblots, the films were digitally scanned into Adobe Photoshop and Berg, M.M., Sternberg, D.W., Parada, L.F., and Chao, M.V. (1992).
the selected bands subjected to pixel analysis by using the UN- K-252a inhibits nerve growth factor-induced trk proto-oncogene
SCAN-IT software (Silk Scientific, Orem, UT). In all cases, these tyrosine phosphorylation and kinase activity. J. Biol. Chem. 267,
values were compared to a standard protein curve detected by each 13–16.
antibody to confirm that the values obtained were within the linear
Bothwell, M. (1995). Functional interactions of neurotrophins and
range of the film. The antibodies used for immunoblotting were
neurotrophin receptors. Annu. Rev. Neurosci. 18, 223–253.
obtained from the following companies: anti-P-Tyr (4G10), Upstate
Carpenter, G. (1999). Employment of the epidermal growth factorBiotechnology Inc.; anti-PY490-TrkA, New England Biolabs, Inc.
receptor in growth factor-independent signaling pathways. J. Cell(Beverly, MA); anti-Ret, R & D Systems (Minneapolis, MN); anti-
Biol. 146, 697–702.-Tubulin, Sigma; anti-NF-M, anti-TH, and anti-MAP-2, Chemicon
Creedon, D.J., Tansey, M.G., Baloh, R.H., Osborne, P.A., Lampe,International, Inc. (Temecula, CA); and anti-Actin and anti-Lamin,
P.A., Fahrner, T.J., Heuckeroth, R.O., Milbrandt, J., and Johnson,Santa Cruz, Inc.
E.M., Jr. (1997). Neurturin shares receptors and signal transduction
pathways with glial cell line-derived neurotrophic factor in sympa-MTT Assays and Somal Diameter Measurements
thetic neurons. Proc. Natl. Acad. Sci. USA 94, 7018–7023.21-DIV ret/, ret/, and ret/ sympathetic neurons were washed
once with PBS and incubated in L15 medium (Life Technologies) Easton, R.M., Deckwerth, T.L., Parsadanian, A.S., and Johnson,
containing 4 mg/ml MTT reagent (Sigma) at 37
C. The cells were E.M., Jr. (1997). Analysis of the mechanism of loss of trophic factor
then washed once with PBS and extracted with dimethyl sulfoxide. dependence associated with neuronal maturation: a phenotype in-
These extracts containing reduced MTT were dispensed into a 96- distinguishable from Bax deletion. J. Neurosci. 17, 9656–9666.
well plate and measured by a microplate reader at a wavelength of Enomoto, H., Crawford, P.A., Gorodinsky, A., Heuckeroth, R.O.,
550 nm. These values were subtracted from the values obtained Johnson, E.M., Jr., and Milbrandt, J. (2001). RET signaling is essen-
from neurons maintained in anti-NGF since the day of plating, thus tial for migration, axonal growth and axon guidance of developing
subtracting the MTT reduction produced by any glial contamination. sympathetic neurons. Development 128, 3963–3974.
Because the number of neurons per well varied somewhat between
Francis, N.J., and Landis, S.C. (1999). Cellular and molecular deter-
individual animals, the number of neurons in each well was deter-
minants of sympathetic neuron development. Annu. Rev. Neurosci.
mined by counting the number of neurons in untreated wells from
22, 541–566.
each animal. MTT values were then divided by the number of neu-
Goedert, M., Otten, U., and Thoenen, H. (1978). Biochemical effectsrons in each well to arrive at an MTT-per-cell measurement. Somal
of antibodies against nerve growth factor on developing and differ-diameters were measured in these same cultures prior to MTT analy-
entiated sympathetic ganglia. Brain Res. 148, 264–268.sis by photographing the sympathetic neurons at various ages and
manually measuring the somal diameters from images of the neu- Gorin, P.D., and Johnson, E.M., Jr. (1980). Effects of long-term nerve
rons projected onto a screen. The soma diameter measurement growth factor deprivation on the nervous system of the adult rat:
obtained was converted into microns by the use of a standardized an experimental autoimmune approach. Brain Res. 198, 27–42.
grid photographed and measured in the same manner. All cell counts de Graaff, E., Srinivas, S., Kilkenny, C., D’Agati, V., Mankoo, B.S.,
and soma diameter measurements were obtained in a blinded Costantini, F., and Pachnis, V. (2001). Differential activities of the
manner. RET tyrosine kinase receptor isoforms during mammalian em-
bryogenesis. Genes Dev. 15, 2433–2444.
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